Organismal physiology emerges from metabolic pathways and structures that can vary across 13 development and among individuals. Here we tested whether genetic variation at one level of 14 physiology can be buffered at higher levels during development by the inherent capacity for 15 homeostasis in physiological systems. We found that the fundamental scaling relationship 16 between mass and metabolic rate, as well as the oxidative capacity per mitochondria, differed 17 significantly across development in the fruit fly Drosophila. However, mitochondrial respiration 18 rate was maintained across development at similar levels. Furthermore, genotypes clustered into 19 two types-those that switched to aerobic, mitochondrial ATP production before the second 20 instar and those that relied on anaerobic production of ATP via glycolysis through the second 21 instar. Despite genetic variation for the timing of this metabolic shift, second-instar metabolic 22 rate was more robust to genetic variation than was the metabolic rate of other instars. We also 23 found that a mitochondrial-nuclear genotype with disrupted mitochondrial function both 24 increased aerobic capacity more through development and relied more heavily on anaerobic ATP 25 production relative to wildtype genotypes. By taking advantage of both ways of making ATP, 26 this genotype maintained mitochondrial respiratory capacity, but also generated more free 27 radicals and had decreased mitochondrial membrane potential, potentially as a physiological-28 defense mechanism. Taken together, the data revealed that genetic defects in core physiology can 29 be buffered at the organismal level via physiological compensation and that natural populations 30 likely harbor genetic variation for distinct metabolic strategies in development that generate 31 similar organismal outcomes. 32 33
Introduction
demand processes increase the concentration of ADP, which can then be fed as a substrate for 80 energy-supply processes to generate ATP. As key metabolic organelles, the mitochondria play a 81 central role in the energy supply-demand balance. Not only the abundance and activity of 82 mitochondria, but also the surface area, membrane composition , and cellular network structure 83 of mitochondria have been reported to affect metabolism (Miettinen and Björklund, 2017; Porter 84 and Brand, 1993; Porter et al., 1996) . In addition, both mitochondrial and nuclear genomes 85 interact closely to form the protein complexes of oxidative phosphorylation (OXPHOS) that 86 drive aerobic ATP production, creating the potential for inter-genomic epistasis to underlie 87 variation in metabolic phenotypes. At present, our understanding of the how the underlying 88 genetic architecture and its variation affects metabolism is incomplete; but studies indicate that 89 both nuclear DNA (nDNA) ( 2014; Martin, 1995) , and interactions between genomes and environment are involved in 92 determining metabolism (Hoekstra et al., 2013; Hoekstra et al., 2018) . 93
Energy balance is particularly keen in holometabolous species where larval development and 94 growth tends to be rapid and massive, requiring simultaneous accumulation of the resources 95 needed to fuel metamorphosis and emergence as a reproductive adult. Drosophila melanogaster 96 is an especially powerful system to study developmental metabolism, given the genetic resources 97
and an approximately 200-fold increase in body mass across three larval instars (Church and 98 Robertson, 1966) . There is evidence of significant genetic variation for metabolic rate within 99 Drosophila species (Montooth et al., 2003; Hoekstra et al., 2013) , and mitochondrial-nuclear 100 genotypes that disrupt mitochondrial function also adversely affect larval metabolic and 101 development rates (Meiklejohn et al., 2013; Hoekstra et al., 2013) . Transcriptomic and metabolic 102 profiling in D. melanogaster indicate the dynamic nature of energy homeostasis that draws on 103 both aerobic and anaerobic energy production, as well as the presence of proliferative metabolic 104 programs during larval development (Graveley et al., 2011; . Despite this 105 wealth of data, at present, we lack a detailed understanding of the links between genome 106 variation, mitochondrial function and organismal metabolic rate during development in 107
Drosophila. 108
In the present study, we tested whether metabolic strategies in D. melanogaster varied among 109 genotypes and across larval instars for both wildtype and mitochondrial-nuclear genotypes that 110 generate energetic inefficiencies. We found that there is significant variation for the ontogeny of 111 metabolism at the level of mitochondrial aerobic capacity, but that this variation can be buffered 112 at higher levels of metabolic performance via physiological homeostasis. In this way, we show 113 that there may be multiple genotypic and physiological paths to equivalent organismal outcomes 114 within populations. 115
116

Methods 117
Drosophila stocks and maintenance 118
We used four Drosophila mitochondrial-nuclear genotypes generated by Montooth et al., 2010 . 119
The (mtDNA);nuclear genotype (simw 501 );OreR has a genetic incompatibility that decreases 120 oxidative phosphorylation (OXPHOS) activity putatively via compromised mitochondrial protein 121 translation, and disrupts larval metabolic rate, resulting in delayed development, decreased 122 immune function, and reduced female fecundity (Meiklejohn et Buchanan et al., 2018) . This 124 mitochondrial-nuclear (hereafter referred to as mito-nuclear) incompatibility arises from an 125 epistatic interaction between naturally-occurring single nucleotide polymorphisms (SNPs) in the 126 mt-tRNA Tyr gene and the nuclear-encoded mt-tyrosyl-tRNA synthetase gene Aatm that 127 aminoacylates this mitochondrial tRNA (Meiklejohn et al., 2013) . The other three genotypes -128 (ore);OreR, (simw 501 );Aut, and (ore);Aut -serve as wildtype genetic controls that enabled us to 129 test for the effects of mitochondrial and nuclear genotypes, separately and interactively, on 130 developmental physiology. Additionally, we measured traits in two inbred genotypes sampled in 131
Vermont (VT4 and VT10) as representatives of natural populations that were not manipulated to 132 generate specific mito-nuclear genotypes. 133
All genotypes were raised on standard cornmeal-molasses-yeast Drosophila media and 134 acclimated to 25°C with a 12 h:12 h dark:light cycle for at least three generations prior to all 135 experiments. To collect first-, second-and third-instar larvae, adults were allowed to lay eggs for 136 3-4 hours on standard media, and larvae from these cohorts were staged based on developmental 137 time and distinguishing morphological features. 138
139
Larval metabolic rate 140
Routine metabolic rate was measured as the rate of CO2 produced by groups of twenty larvae of 141 the same instar and genotype using a flow-through respirometry system (Sable Systems 142
International, Henderson, NV) with established protocols (Hoekstra et al., 2013) . Groups of 143 larvae were collected onto the cap of 1.7 mL tube containing 0.5 mL of fly media and placed 144 inside one of four respirometry chambers that were housed in a temperature-controlled cabinet 145 (Tritech™ Research, Los Angeles, CA) maintained at 25°C. Between 8 and 13 biological 146 replicates for each genotype and instar were randomized across chambers and respirometry runs, 147 during which each group of larvae was sampled for CO2 production for two, ten-minute periods. 148 CO2 that accumulated in the chambers as a result of larval metabolism was detected using an 149 infrared CO2 analyzer (Li-Cor 7000 CO2/H2O Analyzer; LI-COR, Lincoln, NE). ̇C O2 was 150 calculated from the mean fractional increase in CO2 at a constant air-flow rate of 100 ml/min 151 over a 10 min time interval for each replicate after baseline drift correction. The wet weight of 152 the group of larvae was recorded using a Cubis® microbalance (Sartorius AG, Göttingen, 153
Germany) at the beginning of each respirometry run. 154
155
Isolation of Mitochondria 156
Mitochondria were isolated from larvae following a protocol modified from Aw et al., 2016 . 157 100-200 larvae were collected and rinsed with larval wash buffer (0.7% NaCl and 0.1% Triton 158 X-100). Larvae were very gently homogenized in 300-500 µL of chilled isolation buffer (154 159 mM KCl, 1 mM EDTA, pH 7.4) in a glass-teflon Thomas® homogenizer on ice. The 160 homogenate was filtered through a nylon cloth into a clean chilled microcentrifuge tube. The 161 homogenate was then centrifuged at 1500g for 8 min at 4°C (Eppendorf Centrifuge 5810R). The 162 resulting mitochondrial pellet was suspended in 40-50 µL of ice-cold mitochondrial assay 163 solution (MAS: 15 mM KCl, 10 mM KH2PO4, 2 mM MgCl2, 3 mM HEPES, 1 mM EGTA, FA-164 free BSA 0.2%, pH 7.2). Unless otherwise stated, all chemicals were purchased from Sigma 165 Aldrich (St Louis, MO) or Fisher Scientific (Pittsburgh, PA) and were of reagent grade or higher. 166
167
Mitochondrial Respiration 168
Oxygen consumption of freshly isolated mitochondria was measured using the Oxygraph Plus 169 System (Hansatech Instruments, Norfolk, UK) in 3 mL water-jacketed glass chambers equipped 170 with a magnetic stirrer and Clark-type oxygen electrodes. Temperature of the respiration 171 chambers was kept constant at 25°C using a Fisher Isotemp® 4100 R20 refrigerated water 172 circulator (Fisher Scientific, Hampton, NH). A two-point calibration of electrodes using air-173 saturated distilled water and sodium sulfite was done for establishing 100% and zero oxygen 174 levels in the chamber, respectively. The assay was completed within 2 hours of mitochondrial 175 of oxygen consumption linked to mitochondrial proton leak, rather than to ATP production, at 182 high membrane potential (Brand et al., 1994) . Uncoupled respiration (State 3u), indicative of 183 maximum respiration or electron transport system (ETS) capacity, is achieved by adding 0.5 µM 184 of carbonyl cyanide m-chlorophenyl hydrazone (CCCP). CCCP is a protonophore that increases 185 proton permeability in mitochondria and effectively disconnects ETS from ATPase. Data were 186 acquired and respiration rates were corrected for electrode drift using the OxyTrace + software. 187
The respiratory control ratio (RCR) was calculated as the ratio of State 3 over 200 larvae were homogenized in 1 mL chilled isolation buffer (225 mM mannitol, 75 mM 208 sucrose, 10 mM MOPS, 1 mM EGTA, 0.5% fatty acid-free BSA, pH 7.2) using a glass-teflon 209 Thomas® homogenizer. The homogenate was centrifuged at 300g for 5 min at 4°C (Eppendorf 210 Centrifuge 5810R). The supernatant was transferred into a clean tube and centrifuged again at 211 6000g for 10 min at 4°C. The resulting mitochondrial pellet was resuspended in 50 µL of 212 respiration buffer (225 mM mannitol, 75 mM sucrose, 10 mM KCl, 10 mM Tris-HCl, and 5 mM 213 KH2PO4, pH 7.2). All samples were stored at -80°C till further analysis. 214
Maximum citrate synthase activity (Vmax) of the mitochondrial extracts was measured 215 spectrophotometrically at 30°C using a Synergy 2 plate reader (BioTek, VT, USA). 6 µg of 216 mitochondrial protein was added to the assay mixture containing 100mM Tris-HCl (pH 8.0), 2.5 217 mM EDTA, 100 µM Acetyl Co-A and 100 µM of DTNB [5,5′-dithiobis (2-nitrobenzoic acid)]. 218
The reaction was monitored for 2 min as a background reading. The reaction was then started by 219 adding 500 µM oxaloacetate to the assay to generate CoA-SH. CoA-SH is then detected by its 220 reaction with DTNB to form a yellow product (mercaptide ion) that was measured using 221 absorbance at 412 nm. was statistical evidence for a common slope among genotypes, we fit the common slope to test 261 for effects of genotype on the y-intercept (i.e., genetic effects on the mass-specific metabolic 262 rate). We removed a single observation where a first-instar replicate had a ̇C O2 value less than 263 zero. Analysis of variance (ANOVA) was used to test for the fixed effects of mtDNA, nuclear 264 genome, larval instar, and all interactions on lactate accumulation, H2O2 concentration, 265 mitochondrial physiology (State3, State4, uncoupled respiration, RCR + , and DYm) and citrate 266 synthase activity in an ANOVA design. Post-hoc comparisons among instars within genotypes 267 and among genotypes within instar were evaluated using Tukey HSD tests. 268
Data Availability 269
Stocks and strains are available upon request. Supplemental files are available at FigShare. 270
Phenotypic data will be deposited in the Dryad Digital Repository upon publication. 271
272
Results
273
Metabolic rate scaling with mass varies across larval instars and genotypes 274
Metabolic rate scales with mass according to the power function R = aM b , where a is the constant 275 scaling coefficient, M is mass, and b is the scaling exponent. The scaling exponent b, estimated 276 by the slope of the relationship between log-transformed metabolic rate and mass, differed 277 significantly across larval instars (Fig. 1A) (LR = 18.1, df = 2, P = 0.0001). Metabolic scaling 278 with body mass was hypermetric in first-instar larvae (b (CI) = 1.42 (1.21, 1.67)), isometric in 279 second-instar larvae (b = 1.04 (0.95, 1.15)), and hypometric in third-instar larvae (b = 0.85 (0.71, 280 1.01)). Within first-and second-instar larvae, there was no evidence that metabolic scaling with 281 mass differed significantly among genotypes, nor were there significant effects of genotype on 282 the elevation of the fitted relationship (i.e., on the mass-specific metabolic rate) (Fig. 1B, 1C and 283 Table 1 ). However, there was more variance among genotypes in mass-specific metabolic rate in 284 first-instar larvae relative to second-instar larvae (Fig. 1B, 1C and Table 1 ). Metabolic scaling 285 with mass in third-instar larvae differed significantly among genotypes, as evidenced by 286 significantly different slopes ( Fig. 1D and Table 1 ). The variation in metabolic scaling with mass 287 did not result from natural lines differing from mito-nuclear genotypes, but rather from variation 288 in the scaling exponent within both sets of genotypes. The pattern was significant regardless of 289 the inclusion of several data points that, while not statistical outliers, did appear as outliers in the 290 relationship between metabolic rate and mass ( Fig. 1D and Supplemental Table 1) . 291 292
Mitochondrial respiration is similar across larval instars and genotypes 293
Despite these ontogenetic and genetic differences in the scaling of organismal metabolic rate 294 with mass, second-and third-instar larvae had similar rates of mitochondrial oxygen 295 consumption linked to ATP production (i.e., State 3 respiration) per unit of mitochondrial protein 296 in both mito-nuclear genotypes (instar, P = 0.13) and natural genotypes (instar, P = 0.12) (Fig.  297 2) (Supplemental Table 2 ). State 3 respiration from first-instar larvae mitochondrial preparations 298 were either below our detection limits or of low-quality, even when including similar amounts of 299 larval mass in the preparation. This indicates that there is likely an increase in mitochondrial 300 quantity or functional capacity between the first-and second-larval instars. Furthermore, State 3 301 respiration did not differ significantly among mito-nuclear or natural genotypes, nor were there 302 any significant interactions between instar and genetic factors (Supplemental Table 2 ). 303
Maximum respiratory capacity of mitochondria (or CCCP-induced uncoupled respiration) was 304 also maintained across instars in all mito-nuclear genotypes (instar, P= 0.18) (Supplemental Fig.  305 1A and Supplemental Table 2 ). However, the natural genotype VT10 had a significantly elevated 306 maximal respiratory capacity in the second instar that resulted in a significant instar-by-genotype 307 interaction (P= 0.001) (Supplemental Fig. 1A and Supplemental Table 2) . 308
Healthy mitochondria have high rates of oxygen consumption and ATP production when 309 ADP is abundant (i.e., State 3 respiration), but low rates of oxygen consumption in the absence 310 of ATP synthesis (i.e., State 4 + respiration). The ratio of these two measures is called the 311 respiratory control ratio (RCR + ). While the RCR + was generally maintained at a ratio of 2-3 312 across genotypes and instars, two genotypes, (ore);OreR and VT10, had elevated RCR in third-313 instar larvae that contributed to a significant instar-by-genotype interaction in both mito-nuclear 314
(instar x nuclear, P = 0.004) and natural genotypes (instar x genotype, P = 0.0001) 315 (Supplemental Fig. 1B and Supplemental Table 2 ). This was due to decreased State 4 + respiration 316 in second-instar mitochondria from these genotypes (Supplemental Fig. 1C and Supplemental 317 Table 2) . 318 319
Certain genotypes use anaerobic ATP production further into development 320
We measured the activity of citrate synthase, a nuclear-encoded enzyme located in the 321 mitochondrial matrix. As the first step in the Tricarboxylic Acid (TCA) cycle, the activity of this 322 enzyme is often used as an indicator of cellular oxidative capacity. Citrate synthase activity per 323 unit of mitochondrial protein increased across development in all genotypes (Fig. 3 ) (mito-324 nuclear genotypes: instar, P< 0.0001; natural genotypes: instar, P < 0.0001). There were also 325 genotype-specific effects on citrate synthase activity. The energetically compromised 326 (simw 501 );OreR genotype had elevated citrate synthase activity relative to other genotypes across 327 all three instars (Fig. 3) , resulting in significant epistatic mito-nuclear variance for this measure 328 of oxidative capacity (mito x nuclear, P = 0.022) (Supplemental Table 3 ). Genotype-by-instar 329 interactions significantly affected citrate synthase activity in the natural genotypes (instar x 330 genotype, P = 0.010). Genotypes could be categorized as those for which citrate synthase reaches 331 is maximal level by the second instar (e.g., VT10 and (ore);Aut) and those for which second-332 instar mitochondria have citrate synthase activity levels intermediate to first-and third-instar 333 mitochondria (e.g., VT4 and (ore);OreR) (Fig. 3) . 334
In addition to aerobic, oxidative ATP production, D. melanogaster larvae use anaerobic, 335 glycolytic ATP production that results in the production of lactate. There was significant genetic 336 variation in the extent to which larvae accumulated lactate during development. Second-instar 337 larvae of some genotypes significantly accumulated lactate, while others genotypes did not 338 accumulate any lactate across development (Fig. 4A ). This pattern was observed in both the 339 mito-nuclear genotypes (instar x mtDNA x nuclear, P = 0.033) as well as in the natural 340 genotypes (instar x genotype, P = 0.009). The energetically compromised (simw 501 );OreR 341 genotype accumulated the highest amounts of lactate in the second instar, relative to other 342 genotypes, resulting in a strong mito-nuclear interaction (Fig. 4B and Supplemental Table 4) . 343
However, the natural genotype VT4 also accumulated high levels of lactate in second-instar 344 larvae (Fig. 4A) membrane potential in second-and third-instar larvae (Fig. 6A and Supplemental Table 6 ). The 361 energetically-compromised (simw 501 );OreR genotype had significantly lower mitochondrial 362 membrane potential relative to other genotypes in both second-and third-instar larvae. The effect 363 of the mito-nuclear interaction on this marker of mitochondrial and cellular health was 364 particularly pronounced in the second instar (instar x mtDNA x nuclear P < 0.0001) (Fig. 6B and  365 Supplemental Table 6) . 366
In summary, the maintenance of mitochondrial respiration in the energetically compromised 367 (simw 501 );OreR genotype across second and third instars was coincident with significant 368 increases in oxidative capacity of mitochondria, increased lactate and ROS production during the 369 second instar, and decreased mitochondrial membrane potential. 370 371 Discussion 372
Ontogenetic shifts in the relationship between metabolic rate and mass 373
Metabolic rates scale allometrically with mass, but the parameters that define this 374 relationship vary among taxa, genotypes, life stages and environments (Glazier, 2005 ; Greenlee 375 et al., 2014). We found that the relationship between mass and metabolic rate differed 376 significantly among larval instars of D. melanogaster. Metabolic scaling in developing animals 377 has been described as an "impasse of principles," wherein the basic tenant of metabolic 378 allometry-that the physiological principles of organisms are relatively conserved-is at odds 379 with the basic tenant of development-that the physiological state of organisms is dynamic 380 across ontogeny (Burggren, 2005) . Insect development involves complex changes in cellular 381 energy demand and body composition that likely affect how metabolic rate scales with mass. 382
Thus, models and principles of interspecific allometric scaling may not be applicable to 383 ontogenetic scaling. 384
We observed a shift from hypermetric scaling in first-instar larvae (b>1), to isometric 385 allometry in second-instar larvae (b=1), followed by hypometric allometry in third-instar larvae 386 (b<1). The shift in metabolic scaling towards lower mass-specific metabolic rates in larger 387 instars, was in spite of our observation that larger instars had seemingly greater capacity for 388 oxygen-dependent ATP production, as indicated by increased levels of citrate synthase activity 389 per unit of mitochondria. Nevertheless, mitochondrial oxygen consumption linked to ATP 390 production was maintained at similar levels across second-and third-instar larvae. These patterns 391 suggest that although there may be increased oxidative capacity of mitochondria as development 392 progresses, mitochondrial respiration and organismal respiration are not simple reflections of 393 oxidative capacity, but rather are emergent properties of organellar, cellular and organismal 394
processes. 395
The ontogenetic change in metabolic scaling that we observed may reflect a change in energy 396 demand across development as larval growth transitions from cell proliferation to cell growth. 397 could also contribute to the observed developmental shift from hypermetric to hypometric 422 metabolic scaling. In Manduca, the contribution of metabolically active gut tissue to the body 423 decreases across development, which may contribute to an increasingly hypometric metabolic 424 scaling with mass across development (Callier and Nijhout, 2012) . 425
Genetic variation in body composition across development could also underlie the significant 426 genetic variation in metabolic scaling that we observed in third-instar larvae. If genotypes differ 427 in the degree to which they accumulate mass in the third instar via different types of energy 428 storage, this could generate genetic variation for how metabolic rate scales with mass. Midway 429 through the third instar, D. melanogaster membrane-lipid accumulation is paused, while levels of 430 storage lipids like triacylglycerides increase (Carvalho et al., 2012) .This suggests a transition in 431 the third instar from metabolism supporting membrane synthesis and cell proliferation to 432 metabolism supporting mass accumulation via lipid storage. If genotypes vary in the timing or 433 extent of this switch, as we have seen for mitochondrial metabolism (described below), this 434 could contribute to the greater genetic variation for metabolic rate and scaling that we observed 435 in this developmental stage. 436
437
Genetic variation in cellular metabolism may support similar organismal outcomes 438
Aerobic organisms can generate ATP via mitochondrial OXPHOS, but also anaerobically 439 via glycolytic pathways that are supported by fermentation-generated NAD + (e.g., by lactate 440 production). We observed a consistent pattern across genotypes of increased oxidative capacity 441 to aerobically produce ATP across development, consistent with a metabolic switch from 442 glycolytic to mitochondrial production of ATP regulated by the Drosophila estrogen-related 443 receptor dERR . However, genotypes 444 differentiated into two categories of metabolic phenotypes-those that appeared to switch to 445 mitochondrial ATP production before the second instar and accumulated very little lactate, and 446 those that appeared to rely on glycolytic ATP production with significant lactate accumulation 447 during the second instar. Yet, despite this genetic variation in how second-instar larvae were 448 generating ATP, the organismal metabolic rate of second-instar larvae was more robust to 449 genetic variation than were the metabolic rates of other instars. We also observed that despite 450 this developmental switch from glycolytic to mitochondrial ATP production, in vitro 451 mitochondrial respiration rates per unit mitochondrial protein remained constant across second-452 and third-instar larvae. Again, this highlights that organellar and organismal metabolic rates 453 emerge from cellular, tissue and organismal-level processes, and are not simple reflections of the 454 underlying metabolic pathways being used. In this way, higher levels of biological organization 455 may buffer and potentially shelter genetic variation in metabolism from selection. 456
Using glycolytic ATP production may seem counterintuitive and less efficient than oxidative 457 ATP production. However, glycolytic ATP production may provide several developmental 458 
Physiological compensation in a mito-nuclear incompatible genotype comes at a cost 485
Mitochondrial respiration coupled to ATP production was maintained in the mito-nuclear 486 incompatible genotype at in vitro levels similar to control genotypes, despite compromised 487 OXPHOS via a presumed defect in mitochondrial protein synthesis in this genotype (Meiklejohn 488 et al., 2013) . The maintenance of mitochondrial respiration in this genotype was accompanied by 489 increases in mitochondrial oxidative capacity, measured by citrate synthase activity, and 490 glycolytic ATP production, measured by lactate accumulation, relative to control genotypes. 491
These increases may reflect physiological compensation to maintain ATP levels in a genotype 492 whose mitochondria consume similar levels of oxygen but are less efficiently generating ATP. 493
We suggest that by using the functional complementation of both glycolytic and mitochondrial 494 ATP production, this genotype is able to synthesize the ATP needed to support its development. 495
Physiological compensation can have diverse and sometimes counter-intuitive costs paid 496 over the lifespan that can adversely affect fitness. While (sim w501 ); OreR appears able to 497 physiologically compensate to survive larval development, this genotype has delayed 498 development and compromised pupation height, immune function and female fecundity 499 mitochondrial respiration in this genotype was maintained similar to other genotypes, larval 501 metabolic rate in this genotype was elevated, potentially via compensatory upregulation of 502 aerobic capacity to supply ATP (Hoekstra et al., 2013) . Thus, even when drawing on both 503 glycolytic and oxidative ATP production, individuals with this mito-nuclear incompatibility may 504 produce energy supplies very close to demand during larval growth. Previous results from our 505 lab support this model; when development of (sim w501 ); OreR was empirically accelerated, 506 development and reproduction were even more compromised, suggesting that this genotype has 507 limited capacity to compensate the defect in OXPHOS (Hoekstra et al., 2013 (Hoekstra et al., , 2018 . This 508 genotype may use all of its aerobic scope to complete normal development compared to the other 509 genotypes, leaving few resources leftover for other aspects of fitness. Once the demands of 510 growth are removed, this genotype appears to regain some aerobic scope, as larvae that survived 511 to pupation also completed metamorphosis and had normal adult size and metabolic rates 512 (Hoekstra et al., 2013 (Hoekstra et al., , 2018 . However, the costs paid out during development appear to have 513 significant impacts on adult fecundity. Both female and male fecundity were severely 514 compromised in this genotype when development occurred at warmer temperatures that increase 515 biological rates and energy demand (Hoekstra et al., 2013; Zhang et al., 2017) . 516
At the cellular level, physiological compensation in (sim w501 ); OreR larvae may be a source 517 of oxidative stress, indicated by higher levels of H2O2, relative to other genotypes. H2O2 is a 518 byproduct of the mitochondrial electron transport system (ETS) that supports OXPHOS in 519 healthy cells, and we observed increases in H2O2 as oxidative capacity increased across 520 development in all genotypes. However, compromised electron flow through the ETS can 521 increase H2O2 levels and generate oxidative stress (Somero et al., 2017) . There are two ways that 522 this may be occurring in (sim w501 ); OreR mitochondria. First, upregulation of the TCA cycle to 523 supply more NADH for ATP production via the ETS may increase production of superoxide 524 anion at Complex I. Second, there may be stoichiometric imbalance in the ETS due to 525 presumably normal levels of cytoplasmically-translated Complex II but compromised levels of 526 the mitochondrially-translated downstream OXPHOS complexes in this genotype. This could 527 result in backflow of electrons that can produce superoxide ions when the ratio of 528 reduced:unreduced coenzyme Q become elevated. The idea that (sim w501 ); OreR individuals are 529 experiencing oxidative stress suggests an alternative interpretation of the elevated citrate 530 synthase activity that we observed in this genotype. Levels of citrate synthase were increased in 531 the blue mussel Mytilus trossulus in response to heat stress, a change that was coupled with 532 increases in isocitrate dehydrogenase (IDH), which generates NADPH + to support H2O2-533 scavenging reactions in the mitochondria (Tomanek and Zuzow, 2010) . This highlights the 534 importance of considering that TCA cycle enzymes provide important functions beyond their 535 role in OXPHOS, as they provide substrates for biosynthesis, support antioxidant reactions, and 536 act as signaling molecules (Marden, 2013; Boukouris et al., 2016; Somero et al., 2017) . 537
Finally, we observed that (sim w501 ); OreR mitochondria could support mitochondrial oxygen 538 consumption linked to ATP production at wild-type levels despite the fact that their membrane 539 potential was significantly reduced. There is precedence for this observation. For example, 540 mitochondrial diseases with OXPHOS defects are correlated with a suite of metabolic 541 phenotypes that include upregulated glycolysis, lactate accumulation, elevated ROS, and 542 decreased mitochondrial membrane potential, but stable ATP levels (Szczepanowska et al., 543 2012; Frazier et al., 2017) . ROS act as essential secondary messengers in cellular homeostasis, 544 but above a certain threshold level can be dangerous and lead to apoptosis (Giorgio et al., 2007; 545 Bigarella et al., 2014) . A potential regulatory and defense mechanism is to decrease the 546 mitochondrial membrane potential (e.g., by uncoupling) to reduce further ROS production and 547 protect the cell from oxidative damage (Dlasková et al., 2006) . Our data cannot distinguish in 548 this mito-nuclear genotype whether upregulation of citrate synthase and decreased membrane 549 provide promising paths for future elucidation of the mechanisms by which mitochondrial-553 nuclear genetic variation scales up to organismal fitness variation. 554
In conclusion, the dramatic and rapid growth of Drosophila during ontogeny requires a 555 precise and genetically determined metabolic program that enhances biosynthesis and 556 proliferation coupled with a tight temporal coordination. Here, we have shown how genetic 557 variation influence patterns of metabolism in both natural and mito-nuclear genotypes of 558 Drosophila during its developmental progression. Our study reveals that genetic defects in core 559 physiology can be buffered at the organismal level via physiological compensation and that 560 natural populations likely harbor genetic variation for distinct metabolic strategies in 561 development that generate similar organismal outcomes. 562
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We A) The mass-scaling exponent for routine metabolic rate (̇CO2) differed significantly among 580 instars (LR = 18.1, df = 2, P = 0.0001), with the relationship between metabolic rate and mass 581 becoming more shallow across development. B,C) There was more genetic variation for 582 metabolic rate in first-instar larvae, relative to second-instar larvae. D) Mass-scaling exponents 583 differed significantly among genotypes in the third instar of development (Table 1 and 584
Supplemental Table 1) . 585 586 Figure 2 . Oxygen-coupled ATP production, measured by the State 3 mitochondrial oxygen 587 consumption per unit of mitochondrial protein, was maintained at statistically similar levels 588 across genotypes and instars (Supplemental Table 2 ). 589 590 Figure 3 . Oxidative capacity, measured by citrate synthase activity (V max ) per unit of 591 mitochondrial protein, increased significantly across instars and was largest in the energetically-592 compromised (simw 501 );OreR genotype. A) While all mito-nuclear genotypes increased oxidative 593 capacity throughout development, there was significant variation among genotypes. 594 (simw 501 );OreR larvae had significantly higher oxidative capacity than its nuclear genetic control 595 (ore);OreR in the second (*P Tukey's = 0.015) and third instars (**P Tukey's = 0.008). The simw 501 596 mtDNA had no effect in the Aut background (P Tukey's > 0.833 in both instars), resulting in a 597 significant mtDNA x nuclear interaction (P = 0.022). Wild-type genotypes from Vermont also 598 varied significantly in the extent to which oxidative capacity reached its maximal level in the 599 second versus third instar of development (Supplemental Table 3 ). Different letters within 600 genotypes denote significantly different means at P Tukey's < 0.006, and asterisks designate 601 significant differences between genotypes of the same larval instar. 602 603 Figure 4 . A) Lactate levels per gram of larvae, varied significantly among genotypes in second-604 instar larvae and was highest in the energetically-compromised (simw 501 );OreR genotype. 605
Genetic variation for second-instar larval lactate levels was also observed among wild-type 606 genotypes from Vermont (instar x genotype, P = 0.009) (Supplemental Table 4 ), with VT4 607 having significantly more lactate than VT10 (**P Tukey's = 0.014). B) There was a significant instar 608
x mtDNA x nuclear interaction effect on lactate levels (P = 0.033) (Supplemental Table 4 ). 609 (simw 501 );OreR larvae had significantly higher lactate levels than all other genotypes in the 610 second instar (*P Tukey's < 0.015). B) Different letters within genotypes denote significantly 611 different means at P Tukey's < 0.036, and asterisks designate significant differences between 612 genotypes of the same larval instar. 613 614 Figure 5 . A) ROS levels, measured as the concentration of H 2 O 2 per gram of larvae, increased 615 significantly across instars, and were highest in second-instar larvae of the energetically-616 compromised (simw 501 );OreR genotype. B) There was a strong effect of instar on ROS levels 617 (instar, P = 2.347e-12), but this pattern varied among mito-nuclear genotypes (instar x mtDNA x 618 nuclear, P = 5.166e-05) (Supplemental Table 5 ). Second-instar (simw 501 );OreR larvae had 619 significantly higher ROS levels relative to all other genotypes (***P Tukey's < 0.0001), while all 620 other genotypes had similar patterns of increasing ROS throughout development. The interaction 621 between instar and genotype did not affect ROS levels among wild-type genotypes 622 (Supplemental Table 5 ), which had a similar pattern to the control mito-nuclear genotypes. second-instar larvae and had no effect in third-instar larvae (P Tukey's = 0.167). This resulted in a 634 significant effect of an instar x mito x nuclear interaction (P = 1.580e-05) (Supplemental Table  635 6). Values above 2 typically indicate healthy mitochondria. Different letters within genotypes 636 denote significantly different means at P Tukey's < 0.002, and asterisks designate significant 637 differences between genotypes of the same larval instar. 638 
